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A B S T R A C T
Three compositions of Re containing Co-Ti-based alloys with γ/γ′ two-phase microstructure were obtained based
on the determined phase relationship in the Co-rich corner at 800 °C. The effect of Re on microstructure, ele-
mental partition behavior, thermodynamic properties, lattice parameter misfits, mechanical properties and γ′
coarsening behavior of the Co-Ti-Re alloys were investigated. The γ/γ′ lattice parameter misfit of the alloys
decreases from 0.72% to 0.50%, and the γ′ coarsening rate constant K of alloys decreases from
0.30×10−27 m3 s−1 to 0.073× 10−27 m3 s−1 as Re content increasing form 1 at. % to 5 at. %. Additionally, the
volume fraction of γ′ phase (Vγ′) increases from 42.15% to 53.19% and the γ′ solvus temperature increases from
1059 °C to 1085 °C (Tsolvus-γ′) with increasing Re content. Moreover, the 0.2% flow stresses and the 0.2% specific
flow stresses of all three alloys exhibit negative temperature dependence at the temperatures ranging from room
temperature to 900 °C. And both the 0.2% flow stresses and the 0.2% specific flow stresses increase with the Re
content.
1. Introduction
Co-based alloys possess some advantageous properties, such as ex-
cellent corrosion resistance and high melting point [1–3]. Thus, Co-
based alloys are widely used in industrial fields including gas turbine
industries, petrochemical industries, and nuclear power plants etc.
Since Sato et al. reported the outstanding performance of the γ/γ′
two-phase Co–Al–W alloy in 2006 [4], γ′-strengthen Co-based super-
alloys have attracted researchers’ attention. But the γ′ phase in
Co–Al–W ternary was metastable [5]. It needs to incorporate many
other elements like Ni, Ti, Ta, B, etc. to improve its thermal stability
[6–8]. Moreover, as the strength to weight ratio is crucial, the high
density (9.45 g cm−3 [4]) makes the Co–Al–W alloy unattractive for
applications. Then, some researchers paid attention to other Co-base
systems [9–11]. The γ′-Co3Ti is a stable phase and has advantages of
low density and high ductility [12–18]. However, the application of the
Co3Ti phase is limited due to its disadvantages of low volume fractions,
high γ/γ′ lattice parameter mismatch [19–21]. Recently, some re-
searchers tried to alloy other elements such as V and Cr in the Co-Ti-
based system to improve the microstructure stability and mechanical
property [22–25]. The results showed that the Co–Ti–Cr alloy [22] and
Co–Ti–V alloy [25] have good performance at high temperature range
(800–1000 °C). Even though, their strengths were still much less than
that of the Ni-based superalloys at whole temperature ranging from
room temperature to high temperature. It would greatly limit the wide
use of the Co-Ti-based alloys. Thus, the further studies in the Co-Ti-X
superalloys are required.
Re is another important alloying element in superalloys, which can
change significantly the performance of materials even at a low con-
centration in the alloys. Re is reported to partition in the γ phase and
have a very effective solid solution strengthening that can improve
creep resistance in the Ni-based alloys [26–32]. But the effect of Re on
the Co-based superalloys is limited. The research results by Kolb et al.
[33] and Volz et al. [34] showed that there is no improvement in the
creep properties of a single crystalline Co–Ni–Al–W based alloy by Re
addition. But Pandey et al. [35] found that an addition of 2 at. % Re to a
Co–30Ni–10Al–5Mo–2Nb alloy could reduce the γ/γ′ lattice misfit and
improve the microstructure stability. They also investigated the effect
of Re in the coarsening behavior, and the experiment results showed
that the coarsening rate constant K of the alloy containing 2 at. % Re is
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1.13×10−27 m3 s−1 at 900 °C, which are comparable with the
Co–Al–W based superalloys.
In this study, three Co-Ti-Re alloys with different Re content in γ/γ′
two-phase region were prepared based on the determined phase re-
lationship in the Co-rich corner at 800 °C, and the influence of Re in
microstructure, elemental partition behavior, thermodynamic proper-
ties, γ/γ′ lattice misfits, mechanical properties and γ′ coarsening be-
havior of the Co-Ti-Re alloys were investigated.
2. Experimental procedures
Experimental alloys with 200 g in weight were melted from high-
purity metals (Co: 99.9 wt %, Ti: 99.9 wt %, Re: 99.9 wt %) in a vacuum
induction furnace. The alloys were melted for 5 times to achieve the
composition homogeneity. Then the specimens were put into quartz
capsules and filled with argon gas to prevent from oxidation.
To acquire the information of phase relationship, the encapsulated
specimens were annealed at 800 °C for 2880 h (h) and then quenched
into ice water. To obtain the best heat treatment parameter for me-
chanical properties and investigate the coarsening behavior of γ′ phase,
specimens cut from ingots were solution-treated at 1100 °C for 48 h
(argon atmosphere). And then specimens were annealed at 800 °C for
various times (0, 8 h, 16 h, 24 h, 48 h, 72 h, 100 h, 200 h, 300 h, 400 h,
600 h).
Specimens were mechanically polished and then etched in a solu-
tion of HNO3 (vol.40%) + HCl (vol. 40%) + H2O (vol. 20%) for a few
seconds before microstructural observations. Backscatter-electron (BSE)
images were taken by electron probe microanalyzer (EPMA) (JXA-
8100R, JEOL, Japan) operated at a 20.0 kV accelerating voltage and a
1.0×10−8 A probe current. Secondary electron images were taken by
scanning electron microscope (SEM) (SU-70, Hitachi, Ibaraki, Japan)
operated at a 10 kV accelerating voltage. The volume fraction and sizes
of γ′ phase were calculated by software Image-Pro Plus 6.0. Phase
compositions were determined by Wavelength Dispersive Spectrometer
(WDS). X-ray diffraction (XRD) (Bruker Daltonic Inc., Billerica, MA,
USA) was performed for evaluation of γ/γ′ lattice misfits using a Cu Kα
radiation at 40 kV and 40mA. Then the curves were fitted using the
technical graphing and data analysis software Jade 6.0. Differential
scanning calorimetry (DSC) (NETZSCH DSC 404, NETZSCH, Selb,
German) was used to determine the transition temperatures of the al-
loys, under argon atmosphere at a heating rate of 10 °C·s−1.
To measure the hardness of samples, Vickers micro hardness tester
(HMV-2, Shimadzu, Kyoto, Japan) were used with a load of 4.9 N. For
the compression tests, the samples were cut into the cylinder-shape (ϕ
4mm×6mm) by wire-cutting machine. The 0.2% flow stresses were
determined from compressive tests at 25 °C, 600 °C, 700 °C, 800 °C,
850 °C, and 900 °C at a strain rate of 10−4 s−1.
3. Results and discussion
3.1. Phase relationship and composition design
The experimentally determined phase relationship of the Co-Ti-Re
system in the Co-rich corner at 800 °C and typical back-scattered-elec-
tron (BSE) images of equilibrium microstructure are shown in Fig. 1.
The two-phase and three-phase equilibria are characterized by different
symbols. The equilibrium compositions in the Co-rich corner of the Co-
Ti-Re ternary system at 800 °C are shown in Table 1. The equilibrium
compositions of phases in alloy Co79Ti11Re10 show that the solubility of
Re in the γ′-Co3Ti phase and γ-(αCo) phase is 5.9% and 6.5% at 800 °C,
respectively.
According to the above results shown in Fig. 1 and Table 1, three
alloys Co87Ti12Re1 (Re1), Co85Ti12Re3 (Re3), Co83Ti12Re5 (Re5) were
all in the γ/γ′ two-phase region at 800 °C. Thus, in order to acquire the
Co-Ti-Re ternary alloy with γ/γ′ two-phase microstructure, and to study
the effect of element Re, the alloys Re1, Re3, and Re5 were solutionized
at 1100 °C to obtain the single γ phase, and then aged at 800 °C to
precipitate γ′ phase.
The equilibrium compositions of γ-αCo in alloys Re1, Re3 and Re5
were determined as Co-6.5Ti-1.2Re, Co-6.2Ti-3.3Re and Co-5.8Ti-5.3Re
(at.%), while the equilibrium compositions of γ′-Co3Ti were determined
as Co-20.3Ti-0.8Re, Co-19.5Ti-2.5Re and Co-18.5Ti-4.5Re (at. %), as
listed in Table 1. The partitioning parameter KX is described as KX =
Cγ′/Cγ (Cγ′ and Cγ represent the equilibrium composition of element X in
γ′ and γ phases). The element X tends to distribute into the γ′ phase if
KX > 1, while prefers to partition into the γ phase if KX < 1. All three
alloys Re1, Re3, and Re5 exhibited the KRe with the value of 0.67, 0.76,
and 0.85, respectively. Re is confirmed as a γ former in the present Co-
Ti-Re ternary system. Re is different with respect to other alloying ad-
ditions such as Nb, Ta, and V, which concentrate in the γ′ phase in Co-
Ti-based alloys.
3.2. Microstructure and lattice parameter misfit
Fig. 2a–c shows the typical SEM images of alloys Re1, Re3, and Re5
after aging at 800 °C for 24 h. All three alloys show a homogeneous
distribution of cubic γ′ precipitates within the γ matrix. And there is no
other coarsening phase at the grain boundary. The sizes of γ′ pre-
cipitates in the alloys Re1, Re3, and Re5 were measured as
64.4 ± 0.7 nm, 45.5 ± 0.6 nm, and 42.1 ± 0.4 nm, respectively, as
shown in Table 3.
The lattice parameter misfit δ is an critical parameter of γ′
strengthened superalloys and it can be calculated by equation (1) [36]:
= − +′ ′( ) ( )δ a a a a2 /γ γ γ γ (1)
Estimation of an equivalent cubic lattice parameter ′aγ for the γ′
phase and aγ for the γ phase is shown in Ref. [36]. The X-ray diffraction
(002) peaks of the alloys Re1-Re5 after solutioning at 1100 °C for 48 h
and then ageing at 800 °C for 24 h are shown in Fig. 2d–f. The lattice
parameter misfits of alloys Re1, Re3, and Re5 were calculated and
shown in Table 2. For alloy Re1, the equivalent cubic lattice parameter
′aγ is about 3.595 Å, and aγis about 3.569 Å, so the lattice misfit δ is
about 0.72%. When the Re content increases to 5 at. % for alloy Re5,
both the cubic lattice parameters ′aγ and aγincrease to about 3.642 Å
and 3.624 Å respectively, with the reduction in γ/γ′ lattice misfit value
to about 0.50%. As shown in Fig. 3, Both the lattice parameters of γ
phase and γ′ phase are enhanced with increasing Re content. As Re is
enriched in the γ phase, the lattice distortion of γ phase increases more
than that of γ′ phase, thus the lattice parameter misfits decrease with
increasing Re content.
It is found that Re is effective in reducing the lattice parameter
misfit compared to the binary Co–Ti alloys, which were reported to
have values of 0.75–1.67% in Refs. [22,36]. Additionally, the lattice
parameter misfit of the alloy Re5 is lower than that of Co–11Ti–15Cr
alloy (0.54%) [22] and Co–9Al–9W alloy (0.53%) [4]. Both Re and Cr
are γ phase formers which preferentially partitions into the γ phase.
In new γ/γ′ strengthen Co-based alloys [22,36], the volume fraction
of the γ′ precipitates (Vγ′) is another essential factor. Mostly, the high
Vγ′ corresponds to the high creep strength of the superalloys. Fig. 4
shows the plots of Vγ′ versus the aging time in the alloys Re1-Re5 at
800 °C. The Vγ′ of the γ′ precipitates were 42.15%, 47.96% and 53.19%
in the Re1, Re3 and Re5 alloys when ageing at 800 °C for the 24 h,
respectively. It indicates that the Vγ′ of the alloys increases as Re con-
tent increasing.
3.3. Effect of Re on the phase transition temperature, hardness, and density
3.3.1. Phase transition temperature
DSC heating curves of all three alloys Re1-Re5 are shown in Fig. 5a.
The Tsolvus-γ′ referres to the γ′ solvus temperature, and Tm referres to the
melting temperature of the alloy. The Tsolvus-γ′ of alloys Re1, Re3, and
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Re5 are about 1059 °C, 1073 °C, and 1085 °C, respectively. The Tm of
alloys Re1, Re3, and Re5 are about 1203 °C, 1214 °C, and 1222 °C, re-
spectively. It indicates that both the Tsolvus-γ′ and Tm of alloys increase
as Re content increasing. The comparison of alloys Re1, Re3, Re5 with
other Co-based superalloys is shown in Fig. 5b. The Tsolvus-γ′ of alloys
Re1, Re3, Re5 are higher than that of Co–12Ti, Co–9Al–9W,
Co–12Ti–4V, except Co–11Ti–15Cr. Especially, the Tsolvus-γ′ of alloys
Re1, Re3, Re5 are higher than that of Co–12Ti (Tsolvus-γ′: 1022 °C) [36]
by about 37 °C, 51 °C, and 63 °C, respectively. Moreover, the Tsolvus-γ′ of
alloys Re1, Re3, Re5 are higher than that of Co–9Al–9W (Tsolvus-γ′:
1000 °C) [4] by about 59 °C, 73 °C, and 85 °C, respectively.
3.3.2. Hardness
The aging time dependence of the Vickers hardness of alloys Re1-
Re5 are shown in Fig. 6. All three hardness curves of alloys Re1-Re5
exhibit a rapid rising from 0 to 24 h, then have a slowly falling until
100 h aged at 800 °C. Thus, the alloys for compression tests in the
present work were aged at 800 °C for 24 h. The peak hardness of the
alloys Re1, Re3 and Re5 were 428 Hv4.9, 515 Hv4.9 and 525 Hv4.9
when ageing at 800 °C for 24 h respectively. The Vickers hardness of all
Fig. 1. Experimentally determined isothermal section of the Co–Ti-Re system in the Co-rich corner at 800 °C and typical equilibrium microstructure images: (a) BSE
image of alloy Co86Ti4Re10; (b) BSE image of alloy Co87Ti12Re1; (c) BSE image of alloy Co79Ti11Re10.
Table 1
Equilibrium compositions in the Co-rich corner of the Co-Ti-Re ternary alloys at
800 °C.
Acronym Alloys (at. %) Equilibria Composition (at. %)
Phase 1/Phase
2/Phase 3
Phase 1 Phase 2 Phase 3
Re Ti Re Ti Re Ti
Re1 Co87Ti12Re1 αCo/Co3Ti 1.2 6.5 0.8 20.3 – –
Re3 Co85Ti12Re3 αCo/Co3Ti 3.3 6.2 2.5 19.5 – –
Re5 Co83Ti12Re5 αCo/Co3Ti 5.3 5.8 4.5 18.5 – –
— Co79Ti11Re10 αCo/Co3Ti/
ε(Co,Re)
6.5 5.5 5.9 19.1 13.9 6.1
— Co86Ti4Re10 αCo/ε(Co,Re) 7.2 3.2 11.9 3.8 – –
Fig. 2. SEM images and X-ray diffraction (002)
peaks obtained from the alloys: (a) SEM images of
alloy Re1 aged at 800 °C for 24h; (b) SEM images
of alloy Re3 aged at 800 °C for 24h; (c) SEM
images of alloy Re5 aged at 800 °C for 24h; (d) X-
ray diffraction (002) for alloy Re1 aged at 800 °C
for 24h; (e) X-ray diffraction (002) for alloy Re3
aged at 800 °C for 24h; (f) X-ray diffraction (002)
for alloy Re5 aged at 800 °C for 24h.
Table 2
The calculated lattice parameter misfits of alloys Re1-Re5.
Alloys lattice parameter ′aγ
(Å)
lattice parameter
aγ(Å)
lattice parameter
misfit δ (%)
Re1 3.595 ± 0.0003 3.569 ± 0.0002 0.72 ± 0.01
Re3 3.635 ± 0.0003 3.614 ± 0.0004 0.58 ± 0.02
Re5 3.642 ± 0.0001 3.624 ± 0.0003 0.50 ± 0.01
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Table 3
Average size of γ′ precipitates in the alloys Re1-Re5 after aging at 800 °C for various time.
Acronym Alloys (at. %) Average size of γ′ precipitates aging for various time (nm)
8 h 16 h 24 h 100 h 200 h 300 h 400 h
Re1 Co87Ti12Re1 37.9 ± 0.4 44.6 ± 0.5 64.4 ± 0.7 102.1 ± 1.3 118.7 ± 1.8 / /
Re3 Co85Ti12Re3 31.0 ± 0.4 42.3 ± 0.4 45.5 ± 0.6 68.3 ± 0.6 79.6 ± 0.8 92.8 ± 1.1 105.9 ± 1.6
Re5 Co83Ti12Re5 25.2 ± 0.3 34.7 ± 0.4 42.1 ± 0.4 62.3 ± 0.5 76.6 ± 0.7 83.3 ± 1.0 96.6 ± 1.2
Fig. 3. The lattice parameters of γ, γ′ phase and the lattice parameter misfits in
the alloys Re1-Re5.
Fig. 4. Aging time dependence of Vγ′ in the alloys Re1-Re5 at 800 °C.
Fig. 5. (a) DSC heating curves of the alloys Re1-Re5; (b) Comparison of Tsolvus-γ′ of alloys Re1, Re3, Re5, Co–12Ti [36], Co–9Al–9W [4], Co–12Ti–4V [25], and
Co–11Ti–15Cr [22].
Fig. 6. Aging time dependence of hardness in the alloys Re1-Re5 at 800 °C.
Fig. 7. Comparison of the densities of alloys Re1, Re3, Re5, Co–12Ti [22],
Co–11Ti–15Cr [22], Co–12Ti–4V [25], Co–9Al–9W [4], and IN 939 [1].
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three alloys are higher than that of Co–9Al–9W (~400) [4].
3.3.3. Density
The densities of alloys Re1, Re3, Re5, and other Co-based alloys for
comparison are shown in Fig. 7. The densities of alloys Re1, Re3 and
Re5 were determined to be 8.41 g cm−3, 8.59 g cm−3, and 8.92 g cm−3
respectively. By adding Re, the densities of alloys are increasing com-
pared to the density of the alloy Co–12Ti (8.32 g cm−3) [22]. As shown
in Fig. 7, all the densities of alloys Re1, Re3 and Re5 are higher than
that of Co–11Ti–15Cr (8.1 g cm−3) [22], Co–12Ti–4V (8.23 g cm−3)
[25], and IN 939 (8.2 g cm−3) [1]. However, the highest density of the
alloy Re5 in our test is still much lower than that of Co–9Al–9W alloy
(9.45 g cm−3 [4]).
3.4. Coarsening behavior
For microstructure evolution, the alloys Re1, Re3, and Re5 were
solutionized at 1100 °C for 48 h and then aged at 800 °C for 8 h, 24 h,
100 h, 200 h, 400 h, 600 h. The typical SEM microstructures of the al-
loys Re1-Re5 after aging at 800 °C for various time are shown in Fig. 8.
Fig. 8. Typical microstructure of precipitates in alloys Re1-Re5 after aging at 800 °C for different times: (a) 8 h, (b) 24 h, (c) 100 h, (d) 200 h, (e) 400 h, (f) 600 h.
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The bright cubic phase is γ′, and the dark phase is γ. There are obvious
differences in the microstructural evolution among the three alloys. For
the alloy Re1, the coalescence of γ′ precipitates was lost at the γ/γ′
interfaces after ageing for 400 h as shown in Fig. 8 e1. For the alloys
Re3 and Re5, the morphology of γ′ precipitates was irregular when
ageing for 600 h as shown in Fig. 8 f1 and f2.
As reported by Refs. [37–42], in LSW theory, when the coarsening
behavior of precipitate is controlled by the diffusion of solute in the
matrix, the growth of precipitate follows a third power as a function of
aging time as shown in equation (2):
− =r (t) r (0) Kt3 3 (2)
In equation (2), r (0) represents the initial equivalent precipitate
radius, r(t) represents the instantaneous equivalent precipitate radius,
and K represents the coarsening rate coefficient. If the precipitates are
cubic, r was replaced by a‾/2, where a‾ is the average edge length of
precipitates [42].
The average γ′ precipitate sizes a‾ in the alloys Re1-Re5 after aging
at 800 °C for various time are shown in Table 3. The base 10 logarithm
of the equivalent precipitate radius r(t) versus the logarithm of time for
the different aging time periods at 800 °C have been plotted in Fig. 9a.
By linear fittings, the power exponents were calculated to be 0.37, 0.32
and 0.29 for the Re1, Re3 and Re5 alloys respectively. Thus, the coar-
sening rates of the alloys Re1-Re5 have the 1/3 power law exponents
that agree with LSW theory. This indicates that the coarsening rates of
γ′ precipitates in alloys Re1-Re3 are controlled by diffusion.
Then the plots of r3(t) versus the aging time in alloys Re1, Re3, and
Re5 were shown in Fig. 9b. The slopes of the linear fits gave the
coarsening rate constant, K, for the Re1, Re3 and Re5 alloys to be
0.30×10−27, 0.096× 10−27 and 0.073×10−27 m3 s−1, respectively.
The Re1 alloy had the fastest rate, while the Re5 alloy was the slowest.
The results indicate that adding Re content can reduce the coarsening
rate of the γ′ precipitates. Meher et al. [43] measured the coarsening
rate K of Co–10Al–10W at 800 °C to be 0.07× 10−27 m3 s−1. Chellman
et al. [44] investigated the coarsening behavior of the Ni-19.3 at.% Al
alloy and measured K to be 1.3×10−27 m3 s−1 at 800 °C. Both the
coarsening rates of alloy Re3 and Re5 are slower than the Ni-19.3 at.%
Al alloy. And the slowest coarsening rate of alloy Re5 in our results is
comparable to the Co–10Al–10W alloy. P. Pandey [35] and W.Z. Wang
[45] et al. also reported that the coarsening rates of γ′ precipitates were
restrained by adding Re. Firstly, the segregation of Re in the γ matrix
causes the slow diffusivity. Secondly, the reduction of γ/γ′ lattice
parameter misfit has a weakening effect on the elastic strain energy of
γ/γ′ interface.
3.5. Mechanical properties
The 0.2% flow stresses plots of the Re1, Re3 and Re5 alloys versus
the temperature after solutioning at 1100 °C for 48 h and then ageing at
800 °C for 24 h are shown in Fig. 10a. For comparison, Fig. 10a also
provided the 0.2% flow stresses curves of Co–12Ti (compression tests)
[36], Co–12Ti–4V (compression tests) [25], Co–11Ti–15Cr (compres-
sion tests) [22], Co–9Al–9W (compression tests) [46] and IN-939
(tensile tests) [1]. Mostly, the 0.2% flow stresses plots of Co-based su-
peralloys demonstrate the anomalous phenomenon that the flow
stresses increase rather than decrease when the temperature rises from
~600–850 °C [22–25]. It is widely accepted as one of the explanations
that the activation of the cross-slip pinning process when a sufficient
number of dislocation pairs are trapped inside the ordered precipitates
[47]. But, the flow stresses of alloys Re1-Re5 exhibit negative tem-
perature dependence during the whole test temperatures ranging from
room temperature to 900 °C. This phenomenon was similarly to the
research by Makineni et al. [48], who explained that the dislocation
pair move through the precipitate and escape without any accumula-
tion inside the ordered precipitate because of the small ordered cu-
boidal precipitates with sizes< 50 nm. In this study, the sizes of γ′
precipitates in the alloys Re1-Re5 are 42–64 nm, which is far smaller
than the reported Co-based alloys [22–25]. The flow stresses of alloys
Re1, Re3, and Re5 are 816MPa, 919MPa, and 995MPa at room tem-
perature respectively. The results agree with the hardness test. It shows
that the flow stresses exhibit positive dependence with the Re content.
It may be explained by follows: the γ′ volume fraction increases and γ/γ′
lattice misfit decreases with the Re content. The 0.2% flow stresses of
alloys Re1-Re5 demonstrate good performance ranging from room
temperature to 700 °C, exceeding Co–9Al–9W [46], Co–12Ti–4V [25],
Co–11Ti–15Cr [22] and Co–12Ti [36]. Above 700 °C, the 0.2% flow
stresses of the alloys Re1-Re5 are still higher than Co–9Al–9W [46] and
Co–12Ti [36]. The 0.2% flow stresses of the alloys Re3 and Re5 are
comparable with that of the Co–11Ti–15Cr [22], Co–12Ti–4V [25], and
IN 939 [1] at temperature ranging from 800 °C to 900 °C.
As the densities of alloys Re1, Re3 and Re5 were determined above,
the 0.2% specific flow stress curves of alloys Re1-Re5 and alloys for
comparison versus temperature are shown in Fig. 10b. It shows the
same tendency when the 0.2% flow stresses normalized by the den-
sities. The 0.2% specific flow stresses of alloys Re1, Re3, and Re5 are
about 100MPa/g·cm−3, 107MPa/g·cm−3, 111MPa/g·cm−3 at room
temperature, respectively. Although the densities of Re1, Re3 and Re5
alloys are higher than Co–12Ti (8.32 g cm−3 [22]), Co–11Ti–15Cr
(8.1 g cm−3 [22]), Co–12Ti–4V (8.23 g cm−3 [25]), the alloys Re1-Re5
exhibit the great 0.2% specific flow stresses at temperatures ranging
from room temperature to 700 °C. The 0.2% specific flow stresses of Re5
alloy are slightly lower than Co–11Ti–15Cr [22], Co–12Ti–4V [25], and
comparable with IN939 [1] at 800–900 °C.
Fig. 9. Coarsening kinetics of the alloys Re1-Re5 aged at 800 °C: (a) the plots of log r t
r
3( )
3(0)
versus log(t); (b) the plots of −r t r( ) (0)3 3 versus the aging time.
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4. Conclusions
Three Co-Ti-Re alloys with γ/γ′ two-phase microstructure were
obtained based on the determined phase relationship in the Co-rich
corner at 800 °C. The effects of Re on the microstructure, partitioning
behavior, thermodynamic properties, mechanical properties and γ′
coarsening behavior of the Co-Ti-Re alloys are investigated. The main
results are summarized as follows:
1The compositions of γ-αCo were determined as Co-6.5Ti-1.2Re, Co-
6.2Ti-3.3Re and Co-5.8Ti-5.3Re (at. %), while the compositions of
γ′-Co3Ti were determined as Co-20.3Ti-0.8Re, Co-19.5Ti-2.5Re and
Co-18.5Ti-4.5Re in the alloys Re1, Re3, and Re5, respectively. Re is
enriched in the αCo phase.
2The lattice parameter misfits of alloy Re1, Re3, and Re5 when aged
at 800 °C for 24 h were 0.72%, 0.58%, and 0.50%, respectively. The
volume fractions of the γ′ precipitates in the alloy Re1, Re3, and Re5
when aged at 800 °C for 24 h were 42.15%, 47.96%, and 53.19%,
respectively. The lattice parameter misfits of alloys decrease, while
the Vγ′ of alloys increases as Re content.
3The γ′ solvus temperatures of alloy Re1, Re3, and Re5 were de-
termined as 1059 °C, 1073 °C, and 1085 °C respectively. The Tsolvus-γ′
of alloys increases as Re content increasing.
4The coarsening rate constants K for the alloys Re1, Re3 and Re5
were measured to be 0.30× 10−27, 0.096×10−27 and
0.073×10−27 m3 s−1, respectively. The coarsening rate constants
of alloys decrease with increase in Re content.
5The 0.2% flow stresses of all three alloys show negative tempera-
ture dependence and exceed that of Co–12Ti and Co–9Al–9W at the
temperatures ranging from room temperature to 900 °C. And the
0.2% flow stresses of all three alloys are higher than that of
Co–Ti–V, Co–11Ti–15Cr, and IN939 at the temperatures ranging
from room temperature to 700 °C, even normalized by mass den-
sities.
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